| INTRODUC TI ON
Each of the ~ 10 13 cells in the human body is affected by about 10 5 of different DNA lesions per day. These lesions are potentially able to block genome replication and transcription. However, if they remain unrepaired or adjusted incorrectly, they give rise to mutagenesis and/or cellular cytotoxicity. Thus, different repair mechanisms have evolved to counteract specific types of lesions.
These repair systems include mismatch repair (MMR), base excision repair, interstrand crosslink repair, single-strand break repair, nucleotide excision repair (NER), and the double-strand break (DSB) repair. Genetic defects in any of the repair systems give rise to a variety of hereditary repair disorders (Hoeijmakers, 2009; Iyama & Wilson, 2013; Jackson & Bartek, 2009) .
During a single day in the sun, each exposed keratinocyte receives up to 10 5 ultraviolet (UV) photoproducts in its DNA (Hoeijmakers, 2009; Lindahl, 1993) . Therefore, an elaborate system is needed to repair UV-induced damage. NER, which comprises more than 30 proteins, is the system responsible for the repair of UV-induced DNA damage, including cyclobutane pyrimidine dimers and (6-4) pyrimidine-pyrimidone photoproducts. There are two main subpathways of NER, namely global genomic repair (GG-NER) and transcription-coupled repair (TC-NER) (Hoeijmakers, 2009; Marteijn, Lans, Vermeulen, & Hoeijmakers, 2014) . In replicating cells, GG-NER occurs across the whole genome, whereas TC-NER provides extraneous repair to the transcribed strands of active genes. The only difference between the two subpathways lies in the recognition step (Hoeijmakers, 2009; Marteijn et al., 2014) . In the GG-NER subpathway, lesions are initially recognized by a complex that includes XPC, while in TC-NER, a stalled RNA polymerase (RNAP) performs the recognition step. Thereafter, the two subpathways converge to a series of common steps by the function of XPA, the repair/transcription complex TFIIH, and a number of DNA polymerases to excise the damaged DNA and seal the gap (Compe & Egly, 2012; Marteijn et al., 2014) . However, in terminally differentiated cells such as neurons, a different NER scenario is at work that was initially termed differentiation-associated repair and later renamed transcription domain-associated repair (DAR). In these cells, the proficient repair of both the transcribed and nontranscribed strands in expressed regions of the genome is ensured by activation of DAR, in which XPC but not Cockayne syndrome group B (CSB) is involved (Nouspikel, 2009; Nouspikel & Hanawalt, 2000 Nouspikel, Hyka-Nouspikel, & Hanawalt, 2006) . However, the precise molecular mechanisms of DAR and its biological relevance remain poorly understood.
Deficiency in NER is associated with different types of diseases including xeroderma pigmentosum (XP), Cockayne syndrome (CS), trichothiodystrophy (TTD), cerebro-oculo-facio-skeletal syndrome (COFS), UV-sensitive syndrome (UVsS), and combined phenotypes, for example, XP-CS, XP-TTD (Cleaver, Lam, & Revet, 2009; Hosseini, Ezzedine, Taieb, & Rezvani, 2015) . Unscheduled DNA synthesis (UDS) and recovery of RNA synthesis (RRS) assays have confirmed that TC-NER is the sole executive NER subpathway underlying CS and UVsS, while patients with XP, TTD, XP-CS, XP-TTD, and COFS are lacking proficiency in either GG-NER or both of the subpathways (Lehmann & Stevens, 1980; Lehmann, Thompson, Harcourt, Stefanini, & Norris, 1993; Limsirichaikul et al., 2009; Nakazawa, Yamashita, Lehmann, & Ogi, 2010; Nance & Berry, 1992; Spivak, 2005) . Indeed, it is difficult to ascribe the typical abnormalities of CS, COFS, and TTD solely to defective NER. Growing evidence suggests the involvement of transcription deficiency rather than the NER defect as the pathophysiological basis of the clinical features of these disorders (Brooks, 2013; Compe & Egly, 2016; Hanawalt & Spivak, 2008; Scharer, 2013) . Therefore, it makes sense to divide the repair disorders into two groups including transcription-proficient and transcription-deficient disorders, as this categorization could be applicable to DNA repair disorders other than NER.
The hereditary disorders associated with DNA repair deficiency provide appropriate models for studying repair genes and pathways as well as genotype-phenotype correlations. Notably, alteration in skin pigmentation is one of the striking phenotypic manifestations in most DNA repair disorders, but so far, it has received little attention (Auerbach, 1995; German, 1995; Greenberger et al., 2013; Kraemer, Lee, & Scotto, 1987) .
Here, we briefly review the current literature regarding various cellular pathways that are activated in skin in response to DNA damage. The potential causative role of the complex interplay between these activated pathways as the molecular basis of the pigmentation abnormalities in disorders of the DNA repair system is discussed.
| CLINIC AL MANIFE S TATI ON S OF PI G MENTARY DYS FUN C TI ON IN NER DISORDER S
Melanogenesis is the process of melanin synthesis in melanocytes and its distribution in neighboring keratinocytes (Kondo & Hearing, 2011; Videira, Moura, & Magina, 2013) . Constitutive pigmentation, which defines most of the skin complexion, reflects the determined level of synthesized melanin and may be changed by several intrinsic and extrinsic regulatory factors (Yamaguchi & Hearing, 2009 ).
UV radiation is the most powerful extrinsic factor that affects skin pigmentation. As the major effect of UV radiation on skin tissue, facultative pigmentation (tanning) indicates the skin melanogenesis (pigmentation) above baseline (D'Orazio, Jarrett, Amaro-Ortiz, & Scott, 2013; Park, Kosmadaki, Yaar, & Gilchrest, 2009 ). UV-induced diffuse pigmentation (tanning) is determined by direct and indirect effects of UV radiation on melanocytes, keratinocytes, fibroblasts, and immune cells leading to a diffuse increase in melanin production ( Figure 1 ; Abdel-Malek, Park et al., 2009; Yamaguchi & Hearing, 2009) . Furthermore, there is another type of UV-induced hyperpigmentation that is associated with an increase in the number of melanocytes and melanin quantity together (Yamaguchi, Brenner, & Hearing, 2007) appearing in the form of speckled hyperpigmentation.
Alteration in the skin pigmentary phenotype associated with the effects of UV radiation is one of the first clinical manifestations in most of NER disorders (Table 1) . NER-deficient subjects exhibiting pathological pigmentation include patients with XP, XP-CS, XP-TTD, and UVsS. Pigmentary manifestations in XP patients often appear by 2 years of age, as an abnormal increased number of lentigines in sun-exposed areas with the typical appearance of hypo-and hyperpigmentation spots ( Figure 2A ; Kraemer et al., 1987; Lehmann, Mcgibbon, & Stefanini, 2011; Robbins, Kraemer, Lutzner, Festoff, & Coon, 1974) , which are spatially relatively stable over time ( Figure 2B ). Analysis of the hypo-and hyperpigmented areas of the skin isolated from XP-C patients showed that the number of melanocytes and melanin quantity are significantly increased in the hyperpigmented area ( Figure 3 ). In addition, complex phenotypes including XP-CS and XP-TTD exhibit similar pigmentation abnormalities in some cases (Broughton et al., 2001; Lindenbaum et al., 2001) . The skin phenotype in UVsS individuals is restricted to UV hypersensitivity and a limited freckling without any additional symptoms (Horibata et al., 2004; Nardo et al., 2009 ).
In contrast, no major pigmentary feature has been reported in CS, TTD, and COFS individuals (Kraemer et al., 2007; Laugel, 2013; Meira et al., 2000) . Thus, GG-NER-deficient/transcription-proficient disorders are accompanied by pigmentation abnormalities, while transcription-/TC-NER-deficient disorders are spared.
| DNA DAMAG E RE S P ON S E NE T WORK AND PI G MENTARY DYS FUN C TI ON IN NER DISORDER S
Skin pigmentation can be altered owing to the direct and indirect effects of solar radiation on melanocytes (D'Orazio et al., 2013; Hyter et al., 2013; Yamaguchi & Hearing, 2009) . Indeed, solar radiation directly affects melanocyte homeostasis through the induction of well-defined structural alterations in DNA, which, in turn, trigger the DNA damage response (DDR) network (Cao et al., 2013; Kadekaro et al., 2005; Swope et al., 2014) . DDR involves sensing the damage and subsequently transducing the signal to the downstream effectors. The balance between different activated signaling pathways, which is dependent on the type and extent of the damage and DNA repair capacity, finally determines whether a melanocyte remains quiescent, proliferates, differentiates, or undergoes apoptosis (Bennett, 2003; Branzei & Foiani, 2008; Lagerwerf, Vrouwe, Overmeer, Fousteri, & Mullenders, 2011; Surova & Zhivotovsky, 2013) . Skin pigmentation can also be activated as a photoprotective and adaptive mechanism against the effects of UV radiation on skin.
Indeed, paracrine dialogues between keratinocytes, fibroblasts, F I G U R E 1 Interplay between inter-and intra-cellular networks of signaling cascades regulates melanocyte responses to UV. (a) At sensing level (orange), UV-induced direct and indirect DNA damage, and ROS formation as well as activation of receptor tyrosine kinases (RTK), receptors of cytokines and death receptors are all involved in activating the different signal transduction pathways (blue), which contribute cooperatively to determining the skin responses to UV irradiation (green). (b) Melanocyte responses to UV irradiation. UVinduced pigmentation may occur through direct effects of UV on melanocytes. UV-induced DNA damage, death receptor activation, and ROS formation participate independently to determine the fate of melanocytes (e.g., apoptosis, senescence, or proliferation). On the other hand, paracrine interactions between keratinocytes, fibroblasts, immune cells, and melanocytes mediate much of the cutaneous melanization response. DNA and cellular damage in keratinocytes and/or fibroblasts result in the excretion of several factors, such as cytokines and chemokines, growth factors, and melanocyte-stimulating hormone (α-MSH). Binding of these factors on their respective receptors on the surface of melanocytes in the basal epidermis activates several signaling pathways such as PKA and MAPK, leading to transcription reprogramming of pigmentary genes through upregulation of several transcription factors (e.g., microphthalmia-associated transcription factor (MITF)). These secreted factors can also modulate melanocyte homeostasis by affecting several cellular processes such as repair of UV-induced damage and cell cycle progression. Which pathways are induced and how strongly is most likely dependent on the length and strength of the incoming signal. The final output of these reactions is to provide better protection of skin from the sun. AP-1, activator protein 1; ACTH, adrenocorticotrophic hormone; AMPK, 5′-AMP-activated protein kinase; α-MSH, α-melanocytestimulating hormone; DCT, dopachrome tautomerase; EDNRB, endothelin receptor type B; ET, endothelin; FGF, fibroblast growth factor; HGF, hepatocyte growth factor; HIF-1, hypoxia-inducible factor 1; HPS1, Hermansky-Pudlak syndrome 1; IFN-γ, interferon gamma; IL, interleukin; JAK, Janus kinase; KIT, v-kit Hardy-Zuckerman 4 feline sarcoma viral oncogene homologue; NF-kB, nuclear factor kappa-lightchain-enhancer of activated B cells; PGE2, prostaglandin E2; PI3K, phosphatidylinositol-3-kinase; PKA, protein kinase A; PKC, protein kinase C; RTK, receptors for tyrosine kinases; SILV, silver homologue; STAT, signal transducer and activator of transcription; TGFb, transforming growth factor beta; TYR, tyrosinase; TYRP1, tyrosinase-related protein 1 [Colour figure can be viewed at wileyonlinelibrary.com] Considering the UV-associated nature of pigmentary abnormalities in NER disorders, the central role of the DDR network in the adaptive modulation of skin pigmentation under the influence of UV will be discussed. To date, there is not any concrete evidence that the interplay between the different pathways activated in response to DNA damage is the molecular basis underlying the presence and absence of pigmentation abnormalities in GG-NER and TC-NER disorders, respectively. Accordingly, here we provide a hypothetical and rational framework explaining the presence of pigmentary abnormalities in GG-NER disorders and discuss the notable absence of pigmentation abnormalities TC-NER diseases.
| GG-NER deficiency and pigmentation
The following five categories summarize the confirmed or putative factors that affect the pigmentary status of skin in GG-NER disorders:
| Transcription reprogramming of pigmentary genes
Based on the role of melanin synthesis as a photoprotective cell strategy against the effects of UV radiation (Kobayashi et al., 1998) , the induction of melanin synthesis is a beneficial adaptive behavior of melanocytes. Melanin synthesis is triggered by inducing the to play a major the role in the pathophysiology of pigmentary abnormalities (Inomata et al., 2009; Li et al., 2010; Nishimura, 2011; Nishimura et al., 2002; Okamoto et al., 2014; Ueno, Aoto, Mohri, Yokozeki, & Nishimura, 2014) . For example, an increased number of MSCs in the bulge region of the epidermal SL lesions were reported by Yamada et al. (2014a) . In addition, Praetorius and colleagues proposed that the early/recurrent form of freckling arises owing to the direct growth or migration of melanocytes or MSCs in response to UV-induced damage. The model presumes a stochastic regional process in the activation of pigmentation leading to the formation of pigmented spots in the skin (Praetorius et al., 2014) . Another study points to the induction of premature differentiation of MSCs as a mechanism underlying SL pathogenesis (Yamada et al., 2014b) . Hyperpigmented areas show increased number of melanocytes and higher quantity of melanin compared to hypopigmented areas. In a focal manner, the hyperpigmented lesions present some clusters of keratinocytes retaining pigment capping the nucleus, and elongation and rete ridges suggesting similarities with solar lentigo (Cario-Andre et al., 2004) . For hypopigmented spots, melanocytes are scant but still visible, and a basket-weave appearance of the stratum corneum suggests similarities with hypomelanosis guttate (see Figure 4) . Blue arrows show melanin in basal keratinocytes, and red arrows indicate elongated rete ridges. For Melan-A staining, the sections were incubated with an antibody against Melan-A (Dako, M7196). After incubation with Alexa Fluor 555-conjugated secondary antibody, the nuclei were counterstained with DAPI. Scale bars: 60 μm [Colour figure can be viewed at wileyonlinelibrary.com] 2014). In line with these hypotheses, analysis of the hypo-and hyperpigmented areas of the skin isolated from XP-C patients has shown a focal increase in the number of melanocytes and melanin quantity in XP-C freckles ( Figure 2B ). Thus, it could be speculated that the mutagenesis-prone nature of the cells in GG-NER-deficient disorders results in the proliferation and/or premature differentiation of melanocytes in a stochastic manner, which in combination with a specific local microenvironment provided by the other activated DDR pathways leads to freckling in GG-NER patients. shown that although melanocytes are relatively resistant to UVinduced apoptosis (Bowen et al., 2003; Plettenberg et al., 1995) , a UV dose above a certain level of cumulative exposure induces the apoptotic death of melanocytes and MSCs Lee, Wu, Hong, Yu, & Wei, 2013; Miller et al., 2008) . Despite the lack of data on the apoptotic death of melanocytes in the skin of GG-NER-deficient subjects, there is indirect evidence pinpointing the possibility of this cellular response in these patients.
| Apoptosis of melanocytes and melanocyte stem cells
Indeed, the accumulation of reactive oxygen species (ROS) as a result of reduced catalase activity (Hoffschir et al., 1998; Rezvani, Ged, Bouadjar, De Verneuil, & Taieb, 2008; Vuillaume et al., 1986) and/or overactivation of NADPH oxidase (Hosseini, Mahfouf, et al., 2015; Raad et al., 2017; Rezvani, Kim, et al., 2011; 
| Skin microenvironment
Increasing evidence highlights the contribution of the components of the skin microenvironment in regulating DDR in general and for pigmentation in particular. Indeed, interplay between numerous cell types in the skin establishes the foundation for the subsequent ample, interleukin-1α, which is constitutively produced by human keratinocytes and is potently induced by UVB irradiation (Kupper, Chua, Flood, Mcguire, & Gubler, 1987) , induces the expression of POMC, the precursor for α-MSH (Wintzen, Yaar, Burbach, & Gilchrest, 1996) . It also prompts the secretion of ET-1 from human keratinocytes (Imokawa et al., 1992) .
α-MSH and ET-1 are two potent activators of melanogenesis (Park et al., 2009 ). IFN-γ, which is produced by T cells, has been shown to affect skin pigmentation homeostasis by arresting melanosome maturation (Natarajan et al., 2014) .
In GG-NER-deficient patients, UV-induced DNA damage which is the initial stimulus for the induction of the pigmentary pathways is not appropriately removed. Therefore, it could be speculated that the ensuing specific microenvironment around a DNA-damaged cell, which is provided by the cross-talk between this cell and its niche, 
| Oxidative and energy metabolism
UV-induced oxidative stress and energy metabolism alterations could also be a possible DDR process accounting for changes in skin pigmentation. On the one hand, several studies have highlighted the effects of different NER factors in oxidative and energy metabolism as a new paradigm for explaining the clinical manifestation of NER disorders (reviewed in Hosseini, Ezzedine, et al. (2015) ). For example,
we have shown that the knockdown of XPC in keratinocytes is associated with bioenergetics remodeling. In turn, this metabolic alteration is dependent on the overactivation of NADPH oxidase-mediated ROS generation. Moreover, silencing of NADPH oxidase-1 expression has been found to abrogate the tumoral transformation of XPC-deficient keratinocytes (Rezvani, Kim, et al., 2011; , suggesting that metabolism and oxidative stress could account for skin photosensitivity and carcinogenesis, the two main clinical characteristics of NER diseases. On the other hand, overwhelming evidence indicates an important signaling role for ROS and mitochondrial metabolism in the regulation of pigmentation. For example, Kim et al. (2014) showed that mitochondrial dynamics regulate melanogenesis by modulating the ROS-ERK signaling pathway. Snyder and colleagues also showed that the mitochondrial protein prohibitin is a key signaling mediator in upregulating the production of protective pigments in response to UV (Rosania, 2005; Snyder et al., 2005) . In 
| Transcription-deficient TC-NER disorders and pigmentation
To provide a logical rationale for the mechanistic absence of pigmentary alterations in transcription-deficient TC-NER disorders, the net balance between DDR pathways that are activated in this setting should be considered. Here, we first explain the confirmed or putative pathways that are activated in the context of TC-NER deficiency. We then discuss why some of the components of the DDR network that are activated in the context of GG-NER deficiency are not activated in TC-NER disorders.
| Induction of melanocyte and MSC differentiation and activation of DAR
Transcription-deficient TC-NER disorders involve a deficiency in the repair of the transcribed regions of the genome. Therefore, owing to the critical functionality of the regions concerned, the deficiency is not tolerable and genome replication ceases. Thus, we hypothesize that one of the logical DDR decisions could be the induction of cell differentiation in this case. The predisposition to premature aging in TC-NER-deficient patients, which could at least partially be due to this damage-induced cell differentiation (Hoeijmakers, 2009; Mitchell, Hoeijmakers, & Niedernhofer, 2003) , supports this hypothesis. In fact, the strategy of differentiation would offer some basic benefits to the cell. This strategy leads to the arrest of proliferation of the cells while they still remain alive and metabolically Fagagna, 2014) . Moreover, the cells activate the specific repair pathway for differentiated cells known as DAR. Activation of this type of DNA repair, which was originally detected in neurons (Nouspikel & Hanawalt, 2000 , would compensate the deficiency of repair in the transcribed regions of TC-NER-deficient cells. Although there is so far no evidence for the activation of DAR in TC-NER-deficient melanocytes, one may speculate that DAR is activated in skin melanocytes, as both melanocytes and neurons derive from the same precursor, that is, neural crest cells (Dupin & Le Douarin, 2003; Pavan & Raible, 2012; Rawles, 1947) . The significance of DAR activation was documented in a recent study that showed that the absence of DAR in XPC-deficient cells conferred a fivefold increase in mutation to the transcribed regions of the genome compared to XPC-proficient cells (Zheng et al., 2014) . Thus, in a cell exhibiting a TC-NER defect but with proficient GG-NER, the functionality of DAR would prevent the accumulation of mutations in transcriptionally active regions of the genome. Finally, one of the other advantages of using a strategy of differentiation by TC-NER-deficient cells harboring a transcription deficiency is having lower mutation rates in the regulatory regions of genes. Indeed, recent studies showed that mutation density at gene promoters is positively correlated with their transcription initiation activities and that NER levels reduced at transcription-factor binding sites (Perera et al., 2016; Sabarinathan, Mularoni, Deu-Pons, Gonzalez-Perez, & Lopez-Bigas, 2016) . Accordingly, it could be hypothesized that the overall reduction in transcription due to the TC-NER-/transcription deficiency, on the one hand, and to ongoing differentiation on the other, would facilitate the access of NER machinery to the DNA, thus decreasing the mutation density at gene promoters.
Altogether, both induction of differentiation and DAR activation provide further proof of a differential aspect of DDR in GG-NER-and TC-NER-deficient cells. In fact, active transcription and impaired DAR in GG-NER-deficient cells make them more prone to mutagenesis, providing another reason for increased pigmentation as a defense strategy against further mutagenesis. In contrast, in a cell exhibiting a TC-NER defect but with proficient GG-NER, the functionality of DAR and impaired transcription would both limit the accumulation of mutations in both transcriptionally active regions of the genome and promoter regions.
| Apoptosis of melanocytes and MSCs
Besides triggering differentiation, there is evidence pointing to the activation of apoptotic processes in TC-NER-deficient cells upon exposure to UV. Inhibition of RNAP II during transcription is considered as one of the potent triggers of apoptosis (Andera & Wasylyk, 1997; Ljungman et al., 1999) . Thus, the UV-induced stalled RNApol II in TC-NER/transcription disorders triggers apoptosis, which would eliminate the cells with excessive DNA lesions. In support of this, several studies have shown that TC-NER-deficient cells accumulate active p53 and undergo apoptosis at significantly lower doses of UV compared to normal cells (Dumaz et al., 1997; Ljungman & Zhang, 1996; McKay et al., 2001; Queille et al., 2001) . Moreover, the de- it is now clear that DNA-damaged cells interact with the extracellular environment including undamaged neighboring cells (Malaquin, Carrier-Leclerc, Dessureault, & Rodier, 2015) . Such communication between different components of the skin, which have most likely evolved to provide collectively a proper photoprotective response to UV exposure, is dependent on the extent of DNA damage (Dong et al., 2008; Hachiya et al., 2001; Petit-Frere et al., 1998) . As TC-NER accounts for the protection of only 1% of the genome (transcribed regions) and in some conditions can be replaced by DAR, it could be hypothesized that the skin microenvironment in sun-exposed areas is different between GG-NER-and TC-NER-deficient skin.
Altogether, it is likely that the severe consequences of UVinduced mutations occurring within a background of transcription deficiency in TC-NER disorders would rather trigger the activation of differentiation and apoptosis pathways among other components of the DDR network. Therefore, the net balance between the different pathways of the DDR network in the context of TC-NER deficiency, which is obviously different from that created in the case of GG-NER deficiency, would result in the absence of pigmentary alterations in the skin of TC-NER-deficient patients. Comparing the activated DDR pathways and microenvironment of UV-exposed areas between GG-NER-and TC-NER-deficient skin could help to elucidate this issue.
| HE TEROG ENEIT Y OF PI G MENTATI ON PHENOT YPE S IN XP PATIENTS: AN E XPL ANATION?
Apart from the absence of pigmentary abnormalities in TC-NER disorders, the heterogeneity in pigmentary abnormalities observed within the same complementation GG-NER groups could possibly be due to different variables that also affect the net balance between different pathways of the DDR network, such as the repair capacity of patients, various genetic backgrounds, and type and extent of UV exposure. (Fassihi et al., 2016) . Therefore, the repair capacity of the cells which could arise owing to specific mutations or the amount of UV exposure are important determinants of the pigmentary phenotype.
| Repair capacity of cells

| Genetic background
The patient's genetic background could possibly affect his pigmentary skin profile. For example, two XPC patients living in the United Kingdom and harboring the same mutation (c.2033+5G > A) and with very similar UDS values (27% and 33%) exhibited pronounced differences in the manifestation of cutaneous abnormalities including susceptibility to pigmentary changes and skin cancer. Neither patient had adhered to UV protection strategies. The patient with the more severe symptoms was of Caucasian origin, and the other was of Indian origin with a dark skin type (Fassihi et al., 2016) . Therefore, many as-yet-unidentified factors in an individual genetic background could affect the final pigmentary phenotype in GG-NER disorders. In fact, the major reason for this observation was that XP-C, XP-E, and XP-V patients had normal sunburn reactions. Consequently, they were diagnosed later and less likely used UV protection. On the contrary, the XP-D patients, who exhibited severe sunburn reaction, showed much less severe cutaneous abnormalities compared to the other XP groups owing to the early diagnosis and to using UV protection early. Therefore, the amount of UV exposure is one of the significant determinants of the pigmentary phenotype in GG-NER disorders, further highlighting the importance of UV protection strategies in managing pigmentary manifestations in these disorders.
|
Taken together, several variables such as epigenetics, modifying genes, genetic background, and photoprotective strategies, which affect the DNA repair capacity and consequently the net balance between different pathways of the DDR network, seem to contribute cooperatively to determining the pigmentary skin phenotype of GG-NER-deficient patients. Conversely, WS, which is a prototypic premature aging disorder associated with transcription deficiency, is not accompanied by major pigmentary disturbances (Balajee et al., 1999; Ding & Shen, 2008) . The reports of premature aging in A-T, NBS, FA, and BS in some studies (Maciejczyk et al., 2017; Shiloh & Lederman, 2017; Zhang, Sejas, Qiu, Williams, & Pang, 2007) do not invalidate the proposed classification, as progeroid features in these disorders are far less conspicuous and restricted to the cellular level compared to the clinical manifestations of aging in WS. For example, one of the hallmarks of aging at the cellular level is telomere shortening, which is linked to replicative senescence (Harley, Futcher, & Greider, 1990; Hastie et al., 1990; Lindsey, Mcgill, Lindsey, Green, & Cooke, 1991) .
| PI G MENTARY DYS FUN C TI ON IN DS B REPAIR DISORDER S
Accelerated telomere shortening and defects in telomere regulation in AT, NBS, FA, and BS cells (Blasco, 2005; de Renty & Ellis, 2017; Metcalfe et al., 1996) as well as premature senescence in NBS skin cells (Davis, Tivey, Brook, & Kipling, 2015) are among the cellular aging features in these disorders. Moreover, the aberrant transcriptional regulation in BS cells does not exclude it from the category of transcription-proficient disorders as the aberrant transcription is restricted to the RNAP I-mediated rRNA transcription, which solely affects the expression of growth and survival genes, thereby providing an explanation for the short stature of WS patients and some other features of the disease (Grierson et al., 2012) . On the other hand, one of the characteristic features of WS is a much higher incidence of rare tumors. As predisposition to tumor formation is not one of the cardinal features of the disease and the age of onset is generally in the fourth decade of life (Goto, Ishikawa, Sugimoto, & Furuichi, 2013; Goto, Miller, Ishikawa, & Sugano, 1996) , cancer in WS may be considered as the consequence of premature aging.
Altogether, the proposed classification for NER disorders is also applicable for DSB disorders. Thus, DSB disorders with no deficiency in transcription show abnormalities regarding pigmentation (Auerbach, 2009; Chrzanowska et al., 2012; Kaneko & Kondo, 2004; Krieger & Berneburg, 2012; Nalepa & Clapp, 2018) , while DSB disorders associated with transcription deficiency do not manifest any major pigmentary disturbances (Balajee et al., 1999; Ding & Shen, 2008) . Moreover, owing to the UV-associated nature of pigmentation in DSB disorders, pigmentary manifestations in these disorders could be considered as a cellular consequence of activation of the DDR network, as discussed in detail for NER disorders.
| CON CLUS I ON AND PER S PEC TIVE S
Skin pigmentary abnormalities are common age-related phenomena associated with UV irradiation and other sources of DNA damage. Hereditary disorders associated with DNA repair deficiency provide valuable models for understanding the underlying mechanisms which lead to the hypo-and hyperpigmentation lesions, occurring at an early age in affected individuals. However, alterations in skin pigmentation in DNA repair disorders have not received much attention up to now from a mechanistic standpoint.
We have underlined that DNA repair disorders in which transcription is proficient and in which predisposition to carcinogenesis is a 
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